Nk(x)-type homeobox genes are an evolutionarily conserved family that regulate diverse developmental processes. Here we describe a novel Drosophila gene, Nk6, which encodes an Nk-type transcription factor most homologous to vertebrate Nkx6.1 and Nkx6.2. The homeodomains and NK decapeptide domains of all three proteins are highly conserved. Nk6 is expressed in the embryonic brain, ventral nerve cord, hindgut, and internal head structures. Nerve cord expression is in midline precursors, several ventral and intermediate column neuroblasts, and later in neurons but not glia, similar to the known expression of Nkx6 genes in the neural tube. We show genetically that Nk6 is positively regulated, directly or indirectly, by vnd in brain precursors. In vnd mutants, head neuroectoderm Nk6 expression is abolished where it is normally co-expressed with vnd. Conversely, vnd-overexpression leads to ectopic Nk6 expression in the brain. These findings further highlight the importance of interactions between Nk(x)-type genes in regulating their expression. q
Introduction
During vertebrate and invertebrate development, extrinsic and intrinsic factors co-operate in specifying appropriate genetic programs and cell types. Some of the best understood networks govern the development of the mammalian neural tube and Drosophila ventral nerve cord. In the neural tube, transcription factors expressed at defined dorso-ventral locations establish distinct progenitor domains mediated by graded Sonic hedgehog signaling (Briscoe et al., 1999 (Briscoe et al., , 2000 Qiu et al., 1998) . In Drosophila, unique progenitor identities along the dorso-ventral axis form through the activities of three adjacently expressed columnar genes and epidermal growth factor signaling (McDonald et al., 1998; Skeath, 1998; Udolph et al., 1998; Von Ohlen and Doe, 2000) . Transcription factor domains are sharply demarcated through their repressive interactions at expression boundaries (Briscoe et al., 2000; McDonald et al., 1998; Von Ohlen and Doe, 2000; Weiss et al., 1998) . Among the most important transcription factors in the developing central nervous system (CNS) are the evolutionarily conserved Nk(x)-type proteins. For example, Ventral nerve cord defective (Vnd; Nk2), specifies ventral stem cell identity in the Drosophila CNS (Chu et al., 1998; McDonald et al., 1998) , paralleling the function of its vertebrate homolog, Nkx2.2 (Briscoe et al., 1999) .
The vertebrate Nkx6 family genes, Nkx6.1 (Nkx6a) and Nkx6.2 (Nkx6b or Gtx), are expressed in the ventral neural plate and tube (Qiu et al., 1998; Vallstedt et al., 2001) . Nkx6.1 specifies ventral neural tube V2 interneuron and motorneuron identities (Sander et al., 2000a) . Nkx6.2 specifies V1 interneurons (Sander et al., 2000a) , but can substitute for Nkx6.1 in specifying motorneurons, suggesting some functional interchangeability (Vallstedt et al., 2001) . Nkx6.1 is also expressed in, and required for, the developing pancreas , while Nkx6.2 is expressed in testis and adult oligodendrocytes (Awatramani et al., 1997; Komuro et al., 1993) . Nkx6.2 knockout mice develop subtle motor impairments that may reflect abnormal axoglial junction formation (Gow et al., unpublished) .
To broaden our understanding of Nkx6 genes and their regulation, we turned to the relatively simple Drosophila embryo. In a screen to identify the Drosophila Nkx6.2 homolog, we identified Nk6 which is highly related to both Nkx6.1 and Nkx6.2. Embryonic expression of Nk6 is restricted to the developing CNS, hindgut, and internal head structures. Discrete CNS expression domains are under the control of distinct regulators: sim is essential for ventral midline expression and vnd is a key regulator of brain expression. Our findings suggest that Drosophila Nk6 is homologous to vertebrate Nkx6 genes not only in sequence, but to a notable degree in expression pattern and regulation.
Results
2.1. Drosophila Nk6 is related to both vertebrate Nkx6.1 and Nkx6.2
Two overlapping Nk6 cDNAs were isolated from a Drosophila embryonic cDNA library whose combined insert length was 3041 bp (GenBank accession no. NM_144357). Multiple genomic clones, which map to polytene band 70E4-5, were also isolated and used to identify the intron/exon boundaries ( Fig. 1) . Both low stringency hybridization of genomic Southern blots (not shown) and BLAST searches of the Drosophila genome sequence databases failed to identify other Nkx6 homologs. The cDNA has an open reading frame of 1539 nucleotides (GenBank accession no. NM_144357). Fig. 2 shows the alignment of Nk(x)6 family proteins. Alignment of Drosophila Nk6 with murine, rat and human Nkx6 sequences reveals considerable similarity within the homeodomain region, and in the amino and carboxy termini. The NK decapeptide domain is also conserved, suggesting that Nk6 may recruit the Groucho co-repressor as shown for vertebrate Nkx6 proteins ). Nk6 does not possess the putative DNA binding interference domain present in the carboxy termini of Nkx6.1 and Nkx6.2 .
Dynamic Nk6 expression during embryogenesis and neurogenesis
The expression pattern of Nk6 mRNA was determined by in situ hybridization to whole-mount embryos. Expression is detected in the developing hindgut, ventral maxillary epidermis-derived head structures, and the developing CNS. The embryonic CNS comprises the brain and segmented ventral nerve cord which derive from the neuroectoderm (Campos-Ortega, 1993; Doe and Skeath, 1996; YounossiHartenstein et al., 1996) . In each hemisegment of the nerve cord neuroectoderm, thirty neuroblasts delaminate during stages 8-11, forming an invariant array of unique and identifiable cells (Doe and Technau, 1993) . Neuroblasts divide asymmetrically to generate daughter ganglion mother cells (GMCs). These divide once to form two neurons/neuron and glia. Bisecting the neuroectoderm at the ventral midline lies a column of specialized mesectodermal precursor cells (Bossing and Technau, 1994; Crews et al., 1992) .
Nk6 expression initiates at stage 6 as two bilateral clusters in the head neuroectoderm (Fig. 3A) . By stage 8, expression is seen in the hindgut primordium and ventral midline precursors (Fig. 3B) . Expression in the nerve cord neuroectoderm, which is limited to anterior segments, begins at stage 9 (Fig. 4A) . Ventral nerve cord neuroblasts begin expressing transcripts at stage 10 (Fig. 3C) . During early stage 10, transient weak expression occurs in most neuroblasts immediately flanking the midline (ventral neuroblasts) and some intermediate neuroblasts (Fig. 4B) . Expression then becomes restricted to two bilateral clusters of 3-5 neuroblasts per neuromere by the end of stage 10, concomitant with declining midline expression (Fig. 4C) . Transcripts are detected in GMCs from late stage 10 onwards. By late stage 11, only one to two neuroblasts per hemineuromere express Nk6 (Fig. 3D ). Strong expression in the ventral maxillary epidermis can be distinguished from anterior neuroectodermal expression at this stage. Expression in the nerve cord shifts from a tightly clustered distribution to a disperse pattern during early stage 12 (Fig. 4D ). By stage 13 there are approximately 15-20 Nk6-positive cells per hemineuromere (Fig. 4E) . Expression in the CNS, head structures, and hindgut persists at least until late stage 16 (Fig. 4F ).
Nk6 is expressed in ventral and intermediate neuroblasts
To identify which precursor cells express Nk6, embryos were double-labeled for Nk6 mRNA and cell-specific markers. We first focused on dorso-ventral CNS patterning genes. During early neurogenesis, the transcription factors Single-minded (Sim), Vnd, Intermediate neuroblasts defective (Ind), and Muscle specific homeobox (Msh) subdivide the CNS into midline, ventral, intermediate and lateral columns respectively (summarized in Fig. 5G ) (Chu et al., 1998; Crews et al., 1988; D'Alessio and Frasch, 1996; Isshiki et al., 1997; Jimenez et al., 1995; Mellerick and Nirenberg, 1995; Weiss et al., 1998) . Nk6 is clearly expressed in midline precursors since it is co-expressed with Sim (Fig. 5A) . During stage 10, Nk6 expression changes from weak paramedian expression to strong clustered expression, with approximately one to two cells per cluster co-expressing Nk6 mRNA and Vnd protein (Fig.  5B) , and two cells per cluster co-expressing Nk6 and Ind (Fig. 5C ). No Nk6 transcripts are detected lateral to the Ind column.
We next double-labeled embryos for Nk6 and three tran- scription factors, Engrailed, Achaete and Castor. Double labeling for Nk6 and Engrailed, which is expressed in the posterior of each neuromere (DiNardo et al., 1985; McDonald and Doe, 1997) , positioned the Nk6 -positive neuroblast clusters to the anterior half of each neuromere (Fig.  5D ). Double-labeling for Nk6 and Achaete, expressed in MP2 and X neuroblasts at stage 10 (Doe, 1992) , revealed that Nk6 is expressed in a neuroblast directly anterior to MP2, either NB 3-1 or 2-2 ( Fig. 5E ). One, occasionally two, Nk6-positive neuroblasts are located just lateral to MP2, NBs 3-2 and 4-2. Castor is expressed in seven neuroblasts per hemineuromere at stage 10 and 18 by stage 11 (Kambadur et al., 1998) . Nk6 and Castor do not co-localize during stage 10 (except at midline; data not shown). By stage 11, they co-localize in NB 3-2, positioned just anterior to NB4-2 which expresses Nk6 but not Castor (Fig. 5F ). Very weak co-expression is also detected in NB2-2 and 3-1. Together, our results suggest that Nk6 stage 10-11 positive neuroblast clusters locate anteriorly in ventral and intermediate column neuroblasts, including NBs 2-2, 3-1, 3-2 and 4-2 (Fig. 5G ). 
Nk6 is expressed specifically in neurons
Since Nkx6.2 is expressed in adult glia (Awatramani et al., 1997; Komuro et al., 1993) , we assessed whether Drosophila Nk6 is expressed in embryonic glia as well as in neurons by double labeling for the specific neuroectodermal glial marker Repo (Halter et al., 1995; Xiong et al., 1994) . The midline glia, which develop from the mesectoderm, do not express Repo (Bossing and Technau, 1994) . Since Nk6 and Repo were not co-expressed at any embryonic stage (Fig. 6A ), Nk6 expression is specific to neuronal cells.
Next, embryos were double-labeled for Nk6 transcripts and several well-characterized markers of interneurons and motorneurons, Even-skipped (Eve), 22C10 (Futsch), and Fasciclin II (FasII) (Fig. 6B-D) . Sensory neurons, which are in the peripheral nervous system, do not express Nk6. At stage 11, the transcription factor Eve (Bossing et al., 1996; Broadus et al., 1995; Frasch et al., 1987; Schmidt et al., 1997 ) is expressed in the NB 4-2 ! GMC4-2a ! RP2 lineage. Although Nk6 is expressed in the NB 4-2 parent, no transcripts are detected in any Eve-positive cells at this or later embryonic stages. Several pioneer neurons begin expressing 22C10 and/or FasII at stages 11 and 12 (including aCC, pCC, MP1, SP1, vMP2 and dMP2) (Grenningloh et al., 1991; Hummel et al., 2000; Klaes et al., 1994) , none of which co-express Nk6. Due to poor resolution of in situ staining, it is possible that cells may co-express Nk6 and 22C10 or FasII at later stages.
We next determined the position of Nk6-expressing neurons using an antibody, BP102, which recognizes all CNS axons (Fig. 6E,F) . At stage 16, Nk6 is expressed across the entire medio-lateral axis of the nerve cord. The majority of Nk6-positive cells are positioned at and below (ventral to) the level of the neuropile.
Regulation of Nk6 expression by sim and vnd
The complexity of Nk6 expression in the CNS likely reflects the activities of multiple regulators. Candidates for Nk6 regulation include the early CNS patterning genes, vnd and sim, which co-localize with Nk6 mRNA in the head and midline respectively shortly after sim and vnd are activated. We asked whether either of these genes regulate Nk6 by monitoring the distribution of Nk6 transcripts in embryos where sim and vnd expression is perturbed. sim transcripts are expressed in midline precursors from the cellular blastoderm (stage 5) onwards, and is required for their proper cellular and molecular differentiation (Crews et al., 1992; Nambu et al., 1990 ). Nk6 expression is abolished specifically in the midline of sim mutant embryos (data not shown), suggesting that sim positively regulates Nk6, directly or indirectly, while Nk6 expression in the adjacent neuroblast layer is maintained.
We used mutant and misexpression assays to assess whether vnd regulates Nk6 expression. In the head, Nk6 is activated within an hour of Vnd protein expression: Nk6 is activated during gastrulation (stage 6), while Vnd is expressed from stage 5 onwards (Jimenez et al., 1995; Mellerick and Nirenberg, 1995) . In wild-type embryos (Fig. 7A) Nk6 expression in the head localizes within the Vnd expression domain, with the later exception of a single neuroblast per lobe which begins expressing Nk6 at stage 10 (Fig. 7D ). Nk6 expression is affected in vnd mutants as early as stage 6, where expression in the head neuroectoderm is not activated (Fig. 7B) . At later embryonic stages, all brain expression is absent apart from in the isolated Vnd-negative neuroblasts and their progeny (Fig. 7E) . Anterior neuroectodermal expression in the nerve cord is never initiated (data not shown). Nk6 expression in nerve cord neuroblasts is reduced and disordered in vnd mutants (data not shown), with reductions typically occurring at ventral positions where neuroblasts normally co-express Nk6 and Vnd. The significance of this effect is uncertain, since many ventral neuroblasts in the nerve cord do not form and residual neuroblasts often switch to intermediate identities in vnd mutants (Chu et al., 1998; McDonald et al., 1998) .
We next examined whether vnd can alter Nk6 expression by misexpressing vnd at different times during development. We first ubiquitously expressed vnd at early stages, using heat-shock overexpression beginning during gastrulation (see Section 4). As early as stage 8, Nk6 mRNA expression in the head neuroectoderm is slightly expanded compared to wild-type (Fig. 7C) , while expression in the nerve cord neuroectoderm is unchanged (data not shown). Next, we misexpressed vnd throughout the neuroblast layer using the Gal4-UAS system (Brand and Perrimon, 1993) . The sca-Gal4 driver directs transgene expression between stages 9 and 13 (Kidd et al., 1998; Klaes et al., 1994) . The number of cells expressing Nk6 increases in the brains of sca-Gal4 x UAS-vnd embryos by stage 11 (Fig. 7F) . While ectopic vnd is detected throughout the CNS of these embryos (data not shown), ectopic Nk6 expression is restricted to only a subset of Vnd-expressing cells, suggesting that not all cells are competent to express Nk6.
Discussion
The specification and differentiation of distinct neurons depends in part on defined transcription factor expression in progenitors. Here we identify a novel Drosophila gene, Nk6, that encodes an Nk-type homeodomain protein with significant homology to vertebrate Nkx6.1 and Nkx6.2. We show that it is expressed in a subset of CNS precursors and neurons and that this expression depends in part on sim and vnd regulation. Here we discuss the characteristics of the novel Nk6 gene in light of our current understanding of its vertebrate homologs.
Comparison of fly and vertebrate Nk(x)6 expression patterns in the CNS
Drosophila Nk6 is strongly and dynamically expressed in the embryonic CNS and has several general features in common with its two vertebrate counterparts. Expression of all three Nk(x)6 family members in the embryonic CNS is restricted to neurons. In Drosophila, chick, and mouse embryos, Nk(x)6 genes are transiently expressed in the ventral CNS midline early during development. During early stage 10, Drosophila Nk6 is expressed in most ventral column neuroblasts, similar to early mouse and chick Nkx6.1 and Nkx6.2 expression in the ventral third of the neural tube (p3, pMN and p2 domains) (Qiu et al., 1998; Sander et al., 2000a; Vallstedt et al., 2001) . In Drosophila, a small subset of intermediate neuroblasts also express Nk6, paralleling the expression of chick and mouse Nkx6.2 expression in a narrow stripe of intermediate progenitors (p1) (Vallstedt et al., 2001 ). An important divergence between fly and vertebrate expression patterns is that broad CNS expression of the fly homolog begins relatively late during neurogenesis. In chick and mouse embryos, Nkx6.1 and Nkx6.2 are amongst the earliest genes expressed. Expression is initiated as longitudinal columns in the neural plate (Qiu et al., 1998) . The fly neuroectoderm, the equivalent of the neural plate, expresses Nk6 only in very anterior regions, with earliest expression occurring at stage 6.
Nk6 is expressed in unidentified neural lineages
Despite extensive double labeling analyses, we do not know the lineages and movements of cells that express Nk6. Although we have identified four neuroblasts in the ventral nerve cord which express the gene strongly between stages 10 and 11 of embryonic development, we have not yet determined the identity of Nk6-positive cells thereafter. It is likely that transcripts are expressed in some, though not all, GMC progeny of Nk6-positive neuroblasts, because several Nk6-positive GMCs and neuroblasts are positioned in a manner typical of GMCs budding off the parent neuroblast. Conversely, in at least one lineage, NB 4-2 ! GMC4-2a ! RP2, Nk6 expression is not expressed beyond the neuroblast. The rapid expansion of Nk6 expression between stages 12 and 13 suggests that Nk6 expression is not lineage restricted.
Distinct Nk6 expression domains are differentially regulated in the CNS
Sim and Vnd are expressed in the right cells and at appropriate times to potentially regulate Nk6 expression in distinct CNS domains. The absence of midline transcripts in sim mutants suggests that Nk6 is positively regulated by sim, as are most genes expressed in the midline (Nambu et al., 1990) . Vertebrate sim homologs are not expressed in the floorplate but in cells flanking the floorplate, several days after Nkx6.1 and Nkx6.2 activation (Fan et al., 1996) , suggesting some evolutionary divergence in Nk(x)6 gene regulation.
In the head, vnd likely positively regulates Nk6 expression. Both gene products co-localize within an hour of detectable Vnd. Nk6 expression in the head neuroectoderm and progeny is abolished in the absence of vnd, with the exception of two isolated neuroblasts that do not express Vnd. Conversely, overexpression of vnd leads to increased Nk6 expression in the head. Although we observed effects on Nk6 expression in the ventral nerve cord, the significance of the results were uninterpretable.
achaete-scute and escargot are two further genes which are known to require vnd for activation in ventral neuroectodermal cells and neuroblasts (Skeath et al., 1994; Yagi et al., 1998) . The dependence of Nk6 on vnd for activation in the head neuroectoderm suggests that vnd may act as an activator here, and whether this involves direct interactions remains to be determined. Evidence suggests that Vnd is a repressor. Nkx2.2, the Vnd homolog, is a transcriptional repressor in the vertebrate neural tube , and the only known direct transcriptional target of Vnd, ind, is repressed by Vnd in the Drosophila CNS . Transcription factors can repress or activate target genes, depending on the complexes they form with other cofactors (Botquin et al., 1999; Jiang et al., 1993) . Dichaete is a candidate Vnd co-activator that interacts genetically with vnd (Zhao and Skeath, 2002) , while Vnd directly interacts with the co-repressor Groucho (Yu and Mellerick, in preparation) . In in vitro reporter assays Vnd acts as a repressor, but detailed dissection identified activation domains, as well as repression domains within the protein (Yu and Mellerick, in preparation).
Evolutionary conservation of Nk(x)6 genes
An emerging feature of developmental genes is that many evolutionarily conserved genes are homologous not only in sequence, but often also have conserved expression patterns (for example, scarecrow and Nkx2.1) (Zaffran et al., 2000) , conserved regulation (e.g. targets of apterous homologs) (Rincon-Limas et al., 1999) and in some instances also conserved functions (vnd and Nkx2.2) (Briscoe et al., 1999; Jimenez et al., 1995; McDonald et al., 1998) . Overall homology of the fly Nk6 gene is not prejudiced towards either individual vertebrate Nkx6 gene. The apparent absence of additional Nk6 homologs, ascertained both by sequence homology searches of the Drosophila genome and by hybridization analysis, suggests that Nkx6.1 and Nkx6.2 are each derived from an ancestral Nk(x)6 gene.
There is a surprising degree of conservation in the dorsoventral expression pattern of the fly Nk6 gene and its vertebrate homologs in the neural tube. However, the genes that regulate their expression in the CNS may be quite divergent, as there is no evidence that sim or Nkx2.2 are upstream of Nkx6 genes in the vertebrate CNS. Nkx6 expression is activated ventrally by Sonic hedgehog, repressed dorsally by BMP-7, and regulated across the antero-posterior axis by unknown notochord factors (Qiu et al., 1998) . Evidence in the mouse neural tube suggests that Nkx6.1 represses Nkx6.2 in the ventral region after an initial overlap (Vallstedt et al., 2001 ). In the pancreas, however, analysis of single and double Nkx2.2/Nkx6.1 mutants indicates that Nkx2.2 is upstream of Nkx6.1 (Sander et al., 2000b) , suggesting that the regulatory interaction between Nk(x)2 and Nk(x)6 type genes is evolutionarily conserved. Mouse Nkx2.2 can bind to the Nkx6.1 enhancer in vitro .
Although the deduced amino acid sequence of Nk6, its expression pattern, and similarity to its vertebrate homologs suggest a role in regulating cell fates, the function of Nk6 has not been elucidated yet. We have initiated functional studies using two independent deficiencies that cover the Nk6 locus. In trans-heterozygous Nk6-deficient embryos, we found axon scaffold defects, most commonly incomplete separation of the anterior and posterior commissures (data not shown). This effect is a hallmark of abnormal midline glial development (Hummel et al., 1999; and is consistent with Nk6 expression in midline precursors. We will address the function of Nk6 in further detail once we have completed a Pelement mutagenesis screen.
Materials and methods

cDNA characterization
To isolate the Drosophila Nk6 cDNA, a 180 bp polymerase chain reaction fragment containing the mouse Nkx6.2 homeobox was used to screen a Drosophila cDNA library from 9-12 h embryos (Invitrogen) using standard methods (Sambrook et al., 1989) . Low-stringency hybridizations were performed in 40% formamide at 37 8C. cDNA clones that were isolated were used to rescreen the library at high stringency using probes prepared from successively more 5 0 or 3 0 regions of the cDNAs. Sequencing was performed in both directions using an ABI sequencer and Dye Terminator reagents (Perkin Elmer). Searches for DNA homology and predicted protein sequence homology were performed using NCBI BLAST (Altschul et al., 1997) . Alignment of Nk(x)6 homologs was performed using the Multiple Alignment Program (http://searchlauncher.bcm.tmc.edu/multi-align/ multi-align.html) at the Baylor College of Medicine (Huang, 1994) .
Characterization of Drosophila Nk6
To isolate genomic clones, a bacteriophage genomic library (Clontech) and a P1 genomic library (Genome Systems) were screened with a 1.6 kbp fragment from the 5 0 end of the Drosophila cDNA. Libraries were screened using high stringency hybridization and washing. Restriction fragments containing the exons were subcloned and sequenced in both directions as described above.
Drosophila stocks
The following lines were used: Oregon R, vnd 6 (Jimenez and Campos-Ortega, 1990) , and sim H9 (Nambu et al., 1990) . To identify homozygous mutant embryos, mutant lines were balanced with chromosomes containing the lacZ transgene. scabrous-Gal4, UAS-vnd (Mellerick and Modica, 2002) and hs-vnd lines (McDonald et al., 1998) were used for gain-offunction analyses.
Heat shocks
For ubiquitous vnd expression, heat shocks were performed with slight modifications as in Mellerick and Modica (2002) . In brief, hs-vnd embryos were collected from 1 h egg lays and aged to an average 3.5 h AEL. Embryos were then given a 7-min heat-shock at 36 8C, recovered for 90 min, followed by a second heat-shock for 5 min, and a final recovery period.
In situ hybridization and immunostaining
In situ hybridization and double in situ hybridization/antibody staining were performed with minor modifications as described elsewhere (Lehmann and Tautz, 1994; Tautz and Pfeifle, 1989 ). An Nk6 riboprobe was made corresponding to the 3 0 end, including the homeobox, and labeled with digoxigenin (Boehringer-Mannheim). Immunostaining of whole-mount embryos using the Vectastain ABC Elite Kit (Vector Labs) was performed as in Mellerick and Modica (2002) . The following primary antibodies were used: rabbit anti-Repo, 1:200 (Halter et al., 1995) , MAb anti-BP102, 1:10 (Patel, 1994) , MAb anti-Fasciclin II, 1:10 (Patel, 1994) , MAb anti-22C10, 1:10 (Goodman et al., 1984) , rat anti-Even-skipped, 1:2000 (Frasch et al., 1987) , MAb antiEngrailed, 1:5 (Patel et al., 1989) , affinity-purified rabbit anti-Vnd, 1:10 (McDonald et al., 1998), rat anti-Ind, 1:500 , rabbit anti-Castor, 1:50 (Kambadur et al., 1998) , MAb anti-Achaete, 1:5 (Skeath and Carroll, 1992) , and rabbit anti-b-galactosidase, 1:200 (Cappel).
